Electrospray deposition (ESD) in ambient conditions has been used to deposit graphene nanoribbons (GNRs) dispersed in liquid phase onto different types substrates, including ones suitable for electrical transport. The deposition process was controlled and optimized by using Raman spectroscopy, Atomic Force Microscopy and Scanning Electron Microscopy. When deposited on graphitic electrodes, GNRs were used as semi-conducting channel in three terminal devices showing gate tunability of the electrical current. These results suggest that ESD technique can be used as an effective tool to deposit chemically synthesized GNRs onto substrates of interest for technological applications.
variety of designs and sophistications. Briefly, besides the capillary injecting the desired sprayed solution/suspension and the target holding the desired support, an ESD setup may include: 1) stages under differential pressure, leading to an UHV environment where the support (either conducting or insulator) is maintained; 2) one or more stages of electromagnetic lenses that act as mass selectors and/or to (de-)accelerate molecules.
Here we report a feasibility study for the fabrication of three terminal electronic devices made of chemically synthesized GNRs dispersed in tetrahydrofuran (THF) and deposited by an elementary ESD setup. The idea is to use jugaad approach to test the viability of this route. To this end, we control the morphology of the deposited GNR film by optical microscopy, scanning electron microscope (SEM), atomic force microscopy (AFM) and the quantity of deposited material by semi-quantitative Raman spectroscopy. To prove the effectiveness of our approach, GNRs have been deposited on graphitic electrodes and I-V characteristics measured at room temperature, showing a pronounced gate tunability of the device current.
Experimental Methods

Electro spray apparatus
The ESD system used in our experiments is the early stage of a Thermo Finnigan Surveyor Mass Spectrometer (MSQ). The quadrupole and the mass analyzer stage were not used due to the huge mass of the GNRs having a molecular weight in the order of producing small droplets [25] . The pressure of the nitrogen gas was kept at 4 bar at the entrance of the tube in order to get high flux of clean nitrogen in the whole deposition chamber. The solution is contained in an external syringe and it is driven into the capillary by a pump.
The temperature of the capillary and its casing is tunable up to 650°C. High temperature facilitates the evaporation of the solvent and impedes the blocking of the capillary due to the accumulation of agglomerates. The quantity of solute that is deposited was controlled by the time of surface exposure to the flow and indirectly by the concentration of the solution, while the rate of the syringe pump was kept constant. All the depositions have been carried out in ambient conditions, namely at room temperature and atmospheric pressure. 
Graphene nanoribbons and their dispersion
In this work we used structurally well-defined GNRs with a "cove"-type edge structure and a width of approximately 1 nm (Fig. 2 ), which were bottom-up synthesized by the methods of synthetic organic chemistry, following a reported procedure [6] . Briefly, the synthesis was carried out through the AB-type Diels-Alder polymerization of a monomeric precursor 2,5-bis-(4-dodecylphenyl)-3-(3-ethynylphenyl)-4-phenyl-2,4-cyclopentadienone to provide non-planar polyphenylene precursors, which were In the following, we define "mother dispersion" (S 0 ) as a supersaturated mixture of GNRs in THF. To obtain good diluted dispersion, S 0 has to be deeply sonicated. To change the concentration, we draw part of S 0 far from the precipitate by a pipette and add THF to make an intermediate dispersion S 1 . We refer to S 1 =10 (100) to a mixture prepared by diluting S 0 10 (100) times with THF. Since THF is slightly corrosive for the ESD components, the dispersion S 1 is further diluted 10 times with acetonitrile (CH 3 CN) to obtain the dispersion S 2 that is actually used for ESD. Since the latter step is performed for all the samples, the concentration of the deposited material is therefore defined only by the dispersion S 1 . After the dilution, S 2 was sonicated once more for at least 15 minutes at 40 °C in order to reduce the formation of GNR aggregates. In early tests we have also used methanol instead of acetonitrile, but in this case it was quite difficult to maintain good dispersion and the deposition needed to be done immediately after sonication.
The quantity of deposited material can be controlled by changing the concentration of the dispersion S 1 and the time of deposition since the rate of syringe pumping is constant and computer controlled, thus in the following we report the quantity of deposited material in ml of sprayed S 2 dispersion. In our experiments the time of deposition ranged between 10 sec to 40 minutes, suggesting that this approach is a rather fast and efficient way to prepare films of GNRs on different types of substrates.
Surface techniques
The morphology has been firstly visualized by means of optical microscope (Olympus-BX51M), SEM, AFM and scanning tunneling microscopy (STM), reported in
Supplementary Information, at different scales.
We used a Veeco Multi Mode Nano Scope IIIa AFM tuned in tapping mode.
The SEM images were accomplished through the Carl Zeiss Σigma equipped with the GEMINI column (typical acceleration voltage used=2kV) while the STM measurements were carried out by an Omicron UHV VT STM system.
Raman spectra have been collected by using a Jobin Yvom LabRAM with an integrated optical microscope, through which we can select the area to be illuminated. We used a laser's wavelength λ = 632.81 nm and the diameter of the spot was ≈ 1 µm in our typical configuration.
Results
Investigation by optical microscope
We have initially optimized the deposition parameters by systematically changing concentrations and modifying the distance d between the capillary and the substrate (see Fig. 1 ). Quantitative information was obtained by Raman analysis of the characteristic D and G peaks.
Firstly, we used the optical microscope for a preliminary investigation on the deposition. When the substrate is close to the capillary (d=2cm), a central halo is visible in Figure 3a with the clear formation of large aggregates of GNRs. By decreasing the deposited quantity, the homogeneity of the halo increases and the formation of clusters reduces (Fig. 3b) . Since the flux injected by the capillary has a conical shape, larger distance d between the capillary and the substrate increases the deposition area and the film homogeneity, as a consequence of the reduction of the droplets density. Thus we increased the distance between the substrate and capillaryto d= 4cm (Fig. 3c) , obtaining a more homogeneous film where the central spot is no longer visible at optical microscope. This test suggests that it is possible to efficiently cover large areas (~cm²) by this technique.
Investigation by Raman Spectroscopy.
Raman spectroscopy is an efficient tool for studying carbon-based materials [26] . In particular the G peak at ~1600cm -1 (which is induced by the in-plane optical phonon branch and therefore is found in all carbon allotropes with sp 2 hybridization) and the D peak at ~1300 cm -1 (which is a second order process, in which out-of-plane optical phonons scatter with a defects) are well established in literature to characterize the GNRs [27] [28] [29] [30] and a careful analysis of their shape would allow to get information also about the GNR edge [28] . We have simply performed a comparative study of these peaks to get semi-quantitative information on the quantity of deposited carbon material.
A similar approach has been previously employed to study the deposition of carbon nanotubes and the growth of hydrogenated diamond-like carbon films prepared by plasma deposition [31, 32] . The background signal due to residual solvent or amorphous material was estimated and subtracted before the measurements of the GNR-deposited samples. In general, the intensity of a Raman peak depends on the laser power, spot size and the penetration depth of the beam. We have therefore took care to perform all the measurement in the same conditions and in a short period of time to avoid the deviation of the laser power. Statistics over the deposited surface was also necessary to account for thickness inhomogeneity (see Supplementary Information for more details). 
Intensity of the D peak as a function of the quantity of S 2 deposited for three different deposition conditions. c) Intensity of the G peak.
Investigation by Scanning Microscopies
To verify the morphology of the surface we used an AFM and a SEM. Fig. 5 shows AFM images taken in the central region of a GNRs spot deposited on a Au/mica substrate. The deposition parameters were tuned to obtain one of the thinner GNR films according to the semi-quantitative information acquired from Raman (see Fig. 4 ). In Figure 5a , a network of GNRs bundles is visible at the spot center and we can recognize structures that can be associated to the GNRs with typical dimensions of 2-3 nm in height and 10 to ≈ 100 nm in length (Fig. 5 b, c, d ).
Similar results have been obtained by depositing GNRs also on the insulating To test the effectiveness of the ESD method for the realization of GNR-based electronic devices, we have deposited the GNRs on graphitic electrodes on top of a 300-nm-thick SiO 2 substrate, using the underlying doped silicon to make a back gate. The graphitic electrodes were prepared using the electro-burning process [33] . Briefly, multilayer graphene flakes are mechanically exfoliated on the substrate and Cr/Au contacts (typically spaced 1 to 6µm one to another, see Fig.7a ) are then fabricated by electron beam lithography (EBL). A physical gap is then opened in the graphitic channel by the electro-burning process [33] , setting the parameters to obtain an aperture of the order of~10-50 nm. The opening of the gap can be recognized also by the I-V characteristics taken after the electro-burning process, finding no measurable current in the range of -2V to+2V (Fig.7b) . After confirming the successful fabrication of the graphitic electrodes (no current passing between source and drain), we deposit GNRs by ESD on the whole substrate and measure again the conductance of the devices. The quantity of sprayed solution (S 2 = 1ml) makes reasonable the probability to get GNRs in the region of the gap (Fig. 7a) : on a chip with initially ~10electro-burned devices, two of them show a significant increase of conductivity after the GNR deposition (Fig. 7b) .
Fabrication and characterization of three terminal device
To get reproducible I-V characteristics, an annealing at 130°C in vacuum (10 GNRs [8, 9] , proving the effectiveness of the ESD as fabrication method. In the previous reports on electrical devices with this type of GNRs the poor gate tunability was generally ascribed to the tendency of the GNRs to form huge aggregates, as the electric field from the back gate is screened by the adjacent ribbons [8, 9] . In addition, it has been shown by DFT calculations that the graphene-like band structure (with a vanishingly small energy gap) can be restored as a consequence of the ribbon-ribbon interaction [9] . Here we believe that the electrostatic repulsion between the sprayed GNRs helps to reduce their aggregation, increasing the final response to the applied electric field.
Discussion and Conclusions
In this work we have used a simple setup to spray ultra-long solution- For instance, GNRs film homogeneity can be further improved by placing the substrate more distant from the spraying capillary. Additional improvement can potentially be obtained by depositing in a chamber with differential pressure: this may facilitate formation of smaller droplets and improve homogeneity over large surfaces. In commercial mass spectrometer such chamber is placed off axis and after selection of charged molecules and, in the case of GNR, its use results in a drastic reduction of deposition rates. This can be suitable for fabrication of devices comprising single GNR.
Alternatively different designs with substrate facing the capillary after chambers with differential pressure may allow efficient deposition also in UHV conditions.
Another interesting parameter of ESD is the application of high potential ΔV=V c -V s between the capillary and the substrates. This has essentially two roles: firstly it ionizes the droplets thus facilitating their dispersion; secondly it charges GNRs. The latter process is necessary to accelerate the GNRs and to select their masses if spectrometer is used. Yet, because of the large mass of GNRs, this process is scarcely GNRs tend to repulse each other and to better stick on surface. Thus, even if electromagnetic lenses are not used for mass selection, the use of charging potential can help in depositing isolated GNRs on substrate and this can be a further parameter to be controlled.
